1. Carp (Cyprinus carpio) and tilapia (Oreochromis mossambicus) were kept in a flow-through respirometer for a week, while continuous oxygen consumption measurements were carried out, at a constant water 0 2 concentration.
INTRODUCTION
M ost laboratory studies on the effects of acid water on fish concern short-term exposures com bined with acute acidification (see W ood, 1989, for review). The deleterious effects of acid water on fish, however, are m uch less when gradual, instead of acute water acidification is applied (Van W aarde et al., 1990; Van Dijk et al., 1993a,b,c) .
The old idea of anoxia as the prim ary cause of death of fish in acid water (Westfall, 1945; Packer and D unson, 1972) is no longer supported in the literature (W ood, 1989) , though oxygen delivery problems do play a role in water of very low pH (< 4 .0 ; Ultsch et al., 1980; W ood and M cD onald, 1982) . In the present study with carp and tilapia, we were inter ested in the oxygen consum ption pattern of these fish species, and how this pattern was affected by gradual water acidification. Is, after gradual water acidifica tion, the oxygen consum ption of fish decreased in water of pH 4.0, and how is the 0 : uptake affected at pH 3.2? In their study on carp, Ultsch et al. (1980) dem onstrated that the standard metabolic rate and the aerobic scope for spontaneous exercise was not affected in the pH range of 7 .4^.0 . At pH 3.5, however, both were decreased and at pH 3.0 an even further decrease was found. If we com pare our data with those of Ultsch and coworkers, will we again come to the conclusion that the impact of water acidification on fish is much less after gradual acidification (Van W aarde et al., 1990 , Van Dijk et al., 1993a , or will we find that the effect on the oxygen uptake is more or less independent of the acidification procedure?
MATERIALS AND METHODS
Carp, Cyprinus carpio (300 ± 70 g), and tilapia, Oreochromis mossambicus (350 + 40 g), of both sexes were obtained from local fish hatcheries and were held, for at least 6 m onths, in dechlorinated and well aerated local tap water of 20 ± 1 C for carp, and 2 5 ± 1°C for tilapia. The fish were kept on a 14 L/10 D photocycle and fed daily with commercial fish food. At least two weeks before the start of the experiments the fish were transferred to four times diluted local tap water (1 vol of metal free tap water mixed with 3 vols of demineralized water; end values: N a + 0.83, C l" 0.92, C a2+ 0.68, K + 0.07, M g2+ 0.16, N 0 3 -0.03, H C O 3- 1.11, SO2" 0.29, SiO: 0.06 m m o ll-1; Altol was below the detection level of 6.7 nmol l-1 ). During the acclimation period and throughout the experiments the fish were kept in this water at 20.0 + 0.5 C for carp, and 25.0 ± 0.5 C for tilapia. Feeding was suspended at least 24 hr before experimentation. Experiments with tilapia were per formed in M arch and April, with carp in the period A pril-June.
On day 1 the fish was placed in the 12.3 1 respiro meter as described by Van den Thillart and Verbeek (1991) . The fish remained in this apparatus for one week. The oxygen tension inside the respirometer was kept at a set point (60-70% air-saturated water). W henever the oxygen level decreased below this point, air-saturated water was let into the respirome ter, until the set point was reached again. The oxygen consum ption was measured continuously at 15min intervals by means of autom atic flowmeter readings (see Van den Thillart and Verbeek, 1991 , for details concerning oxygen consum ption measurements). The following equation was used to calculate the m eta bolic rate ( = oxygen consum ption) for a 100 g fish:
where is the measured metabolic rate, and IV is the mass of the fish. Oxygen uptake measurem ents have been corrected for drift of the 0 2 electrode. To this end, W inkler oxygen titrations of the in-and outflowing water were performed on a daily basis. Blank oxygen consum ption was found to be less than 2 % of the total 0 2 uptake and was neglected. F or the control fish, a pH -stat device kept the water at 7.6 with 1.0 mmol I-1 N aO H . F or the other fish, on day 5, we gradually lowered the water pH to pH 4.0, using a pH -stat device (M E T R O H M 605/614/655) and 0.5 mmol l_l H 2S 0 4. This pro cedure took about 5 hr. For some fish the water pH was further decreased on day 7. In 1 hr the water pH was gradually lowered to 3.2, the pH was kept at this value for 4 hr, before the water pH was brought back to pH 4.0 in 1 hr. The fish remained at this pH until day 8 when the water pH was again increased to pH 7.6. After at least 1 hr in neutral water the fish was removed from the respirom eter and the anim al's body mass was determined. A pH -stat device kept the water pH at the desired value throughout the exper iment. The pH electrodes (Russell C T L /L C W for low conductivity) that were employed were specially de signed to be used in solutions of low ionic strength.
All values are expressed as means ± SD. Presented P values arc based on the Student's r-test (two-tailed).
RESULTS
One of the two carp (carp No. 2, Table 1 ) that was exposed to water of pH 3.2 died in the night following the experiment. At this time the fish was kept in neutral water. There were no additional mortalities am ong carp or tilapia during or after the experiment. Figure 1 shows a representative example of the oxygen consum ption pattern of a carp kept in water of pH 7.6. These m easurem ents were taken on day 7. As can be seen, the oxygen uptake is not constant: periods of relative constant oxygen consumption alternate with periods of various length of increased oxygen uptake. The average daily oxygen consum p tion (A D O C ) of carp in neutral water showed vari ation but no consistent pattern could be discovered (Fig. 2) . The ratio of the largest to the smallest A D O C m easured over the period day 3 (day 4)-day 8 for the two carp kept in neutral water was 1:0.76 and 1:0.52, respectively. In Table 1 , the minimum, the m axim um , and the average oxygen consumption of carp over periods of 4 hr are shown. It can be seen that carp usually reacted on water acidification with an extreme peak in oxygen uptake. In two out of four fish that were exposed to water of pH 4.0. we Mean ± SD. pH 7.6: measurements while the fish was in neutral water; pH j: measurements during 4 hr of the water acidification period; pH 4.0: measurements while the fish was in water of pH 4.0; pH 3.2: measurements during the 4 hr at pH 3.2; pH 4.0': measurements in water of pH 4.0, after the fish returned from water of pH 3.2; pH 1.6' measurements in neutral water in an identical period as for the fish that were exposed to water of pH 4.0; *significant difference between the measurements at pH 7.6 and the first pH 4.0 period; tsignificant difference between the two pH 4.0 periods; * or fP ^0.05; § or $P ^ 0.01. observed a significant decrease in mean and in m axi m um oxygen uptake. C om paring these param eters over identical periods (in Table 1 under pH 7.6 and pH 7.6 ') with control fish gave a similar result, so this decrease is not due to water acidification. Only in carp No. 4 did we find a decrease in m inim um oxygen consum ption in acid water; in the other fish this value was similar in acid and in neutral water. This is also shown in Fig. 3 , which is a m ore detailed graph of the influence of the water pH on the m inim um , the m axim um and the average oxygen consum ption (over 4 hr periods, for carp No. 1). At pH 3.2, these three param eters remained at a similar level as before, but after this low pH period we m easured a gradual increase in the m inim um , and the average oxygen uptake of this carp. In Fig. 4 an example of the daily oxygen consum p tion pattern of a tilapia kept in neutral water (pH 7.6) is shown. On this day, for this fish, the oxygen consum ption was fairly constant, without any peaks; however, on other days this fish also had peaks in oxygen uptake, but similar as in carp there was no relationship with the switching of the light. In addition, no difference was found for both fish species, between daytime and nighttime oxygen up take. Furtherm ore, we did not find, for tilapia or carp, that the num ber of peaks per day decreased over the period day 3-day 8. The A D O C for tilapia kept in water of pH 7.6 showed some variation (Fig. 5) . The ratio of the largest to the smallest A D O C measured over the period day 3-day 7 for these two tilapia was 1:0.80 and 1:0.62. Figure 6 shows an example of the minimum, maximum and average oxygen consum ption over periods of 4 hr of tilapia during the experiment. All three param eters showed a clear decrease in level after lowering the water pH from 7.6 to 4.0 (see also Table 2 ). N o such change occurred in the control animals (Table 2) . A further decrease of the water pH to 3.2 however, did not cause any additional change in these three par ameters, but all three showed a gradual increase after alkalinization to pH 4.0 (Fig. 6) . W ith tilapia, we never observed a peak in oxygen consum ption as a reaction to an acidification procedure (Table 2) .
DISCUSSION
In the present study the environm ental oxygen tension inside the respirom eter was kept at 60-70% air saturation. Hughes el al. (1983) found with carp at 20CC a similar respiration rate at 60% , as at 100% air saturation. W ith rainbow trout at 15CC, Bushnell el al. (1984) could even go down to 27% air satu ration, without finding a significant change in oxygen uptake. It can therefore be expected that our oxygen uptake m easurem ents were not affected by the very mild hypoxia inside the respirometer.
The m inim um oxygen consum ption rates that we measured during the 4 hr periods, could be taken as a measure for the standard metabolic rate (SM R) for this 4 hr period. In their study on carp, Ultsch et al. (1980) report that " the standard metabolic rate was taken at the average oxygen uptake during the first hour of low activity when the calculated oxygen consum ption did not vary by m ore than 20% " .
Ultsch and coworkers allowed the fish to habituate and to recover from the handling stress for at least 8 hr before the start of the experiment. In the present study, carp were allowed to recover for at least 30 hr before our first m easurem ents. We observed that tilapia during the pH 3.2 period became completely motionless, but at other times it cannot be dismissed that even during the 15m in of m inim um oxygen uptake the fish perform ed some activity. Still, our m inim um oxygen uptake m easurem ents were in the range of values know n from the literature for SM R , or oxygen uptake of resting fish (Saunders, 1962; Ultsch et al., 1980; Takeda, 1989; 1993c for data on carp; C aulton, 1978; Mishrigi and K ubo, 1978; Ross and Ross, 1983; Ross and M cKinney, 1988 for data on tilapia). In conclusion, we feel confident to call the m inim um value, over a 4 hr period, the S M R of the fish for that period. tilapia after gradual acidification of the water to pH 4.0. From our measurements, it can be calculated that the decrease in S M R is responsible for more than 80% of the reduction in average oxygen consum p tion, and for about 70% of the decrease in m aximum oxygen uptake. A reduction of spontaneous activity, both in duration and intensity, but not in frequency, was probably responsible for the remaining part. W ith carp the m inim um oxygen consum ption level was, except for one fish, not affected by water acidifi cation, so we think that carp does not decrease its standard metabolic rate in acid water. This is in agreement with another study on the effect o f acid exposure on carp (Ultsch et al., 1980) . In the present study we used gradual water acidification, whereas Ultsch and coworkers used an instant acidification procedure. Nevertheless, both studies gave a similar result, so we conclude that unlike other param eters such as plasma sodium, chloride, glucose, and arterial pH (see Van Dijk et al. 1993a,b,c) , the effect o f acid exposure on the oxygen consum ption of carp is independent of whether the acidification procedure is gradual or instant. So the gill dam age that, as W endelaar Bonga et al. (1987) dem onstrated, only takes place after an instant procedure, seems not to affect the oxygen uptake of carp in acid water (pH 4.0). The reduction in the m axim um and in the average oxygen consum ption, that we found in two acid-exposed fish and in one control fish, must have been caused by the reduction of the spontaneous ac tivity of these carp in the last part of the experiment.
In this study we found that the oxygen consum p tion of carp and tilapia varies with time. This was also found by m any other authors in several fish species, including carp (H uang, 1975; H am ada and M aeda, 1983), and tilapia (N agarajan and G opal, 1983) . For both fish species, we did not observe differences in levels between our daytime and nighttime oxygen uptake measurements. This is in contrast with the study from Ross and M cK inney (1988) on Nile tilapia (Oreochromis niloticus), who found a higher respiratory rate during the light period than during darkness.
The two fish species used in the present study reacted differently to the onset of water acidification. Tilapia became motionless, whereas carp usually reacted with intense movements, causing a peak in oxygen uptake. A similar, but even stronger reaction was observed by Uitsch et al. (1980) , who reported that both rainbow trout and carp reacted to the addition of acid to the water by struggling, sometimes violently. From field observations it is known that acid episodes cause changes in behaviour patterns of fish. There is evidence that fish show avoidance reactions to low pH conditions, and it is possible that during episodes, particularly in large water bodies, they could locate areas of more favourable The lowest line shows the water pH.
conditions, e.g. deeper water or upwelling ground water (G unn, 1986) . It was observed that salmon spawners moved dow nstream , the reverse of their expected behaviour pattern, away from the source of the acid alum inium -rich water (Skogheim et al 1984) . We suggest that carp also tried to escape the acid water in our experiment. Tilapia, however, seems to have a different strategy to survive acid conditions. In our earlier experiments we found that moderate exercise is an additional stressor in acid water (Van Dijk et al., 1993a,b) . So obviously, tilapia avoids this additional stress by becoming motionless. We have some evidence for this fish species that animals exposed to acid water (3 days at pH 4.0) have a lower turnover rate of catecholamines than control fish (P. Balm, P. Van Dijk, G. Van den Thillart, and S. W endelaar Bonga, unpublished results). So, this lower turnover rate could be responsible for the observed behaviour of tilapia.
In the tilapia and in one of the two carp, we saw a rise in m inim um oxygen uptake level, as we in creased the water pH from 3.2 to 4.0. Uitsch et al. (1980) concluded that carp becomes hypoxic in pH 3.5 water. M ost likely our fish also became hypoxic during the 4 hr at pH 3.2. The increase in oxygen consum ption in the following period would then represent the com pensation of the oxygen debt. The one carp (No. 2) that did not increase its oxygen uptake after the pH 3.2 period, died in the night following the experiment. After the period of extreme low water pH this fish was lying on its side on the bottom of the respirometer. So we think that this carp also became hypoxic, but unlike the other fish was not able to recover.
